1. Introduction {#sec1-molecules-24-04482}
===============

Ribonucleic acid function is usually associated with the translation of the genetic code into proteins involving mRNAs, tRNAs, and rRNAs. However, over the last decades, it was found that RNA fulfills many more roles. For example, snRNAs (small nuclear RNA) function in a variety of nuclear processes including the splicing of pre-mRNA \[[@B1-molecules-24-04482]\]; snoRNAs (small nucleolar RNA) process and chemically modify rRNA \[[@B2-molecules-24-04482]\]; ribozymes are catalytically active RNAs \[[@B3-molecules-24-04482]\]; and riboswitches \[[@B4-molecules-24-04482]\] play an important role in the regulation of genes. In order to understand how RNA is able to perform this wide range of functions, insight into its three-dimensional fold, its conformational dynamics, and complex formation with other biomolecules is required. Through the years, a toolbox of biophysical methods by which such insights can be obtained has been assembled. These methods include X-ray crystallography \[[@B5-molecules-24-04482],[@B6-molecules-24-04482]\], cryo-electron microscopy (cryoEM) \[[@B7-molecules-24-04482],[@B8-molecules-24-04482]\], nuclear magnetic resonance spectroscopy (NMR) \[[@B9-molecules-24-04482],[@B10-molecules-24-04482]\], electron paramagnetic resonance (EPR) \[[@B11-molecules-24-04482],[@B12-molecules-24-04482]\], Förster resonance energy transfer (FRET) \[[@B13-molecules-24-04482],[@B14-molecules-24-04482]\], small-angle X-ray scattering (SAXS) \[[@B15-molecules-24-04482]\], and molecular dynamics simulation (MD) \[[@B16-molecules-24-04482]\]. Out of this toolbox, EPR is a method that provides such information but requires the presence of unpaired electrons. Since RNA is intrinsically diamagnetic, the spin centers have to be introduced, for example, by means of a diamagnetic for paramagnetic metal ion exchange (e.g., Mg(II) for Mn(II) \[[@B17-molecules-24-04482],[@B18-molecules-24-04482]\]) or by site-directed spin labeling (SDSL) with nitroxides \[[@B19-molecules-24-04482],[@B20-molecules-24-04482]\], trityl radicals \[[@B21-molecules-24-04482],[@B22-molecules-24-04482],[@B23-molecules-24-04482]\] or metal complexes based on, for example, gadolinium \[[@B24-molecules-24-04482],[@B25-molecules-24-04482]\]. Over the years, various methods have been established to attach these labels site specifically to the sugar \[[@B26-molecules-24-04482],[@B27-molecules-24-04482]\], phosphate \[[@B28-molecules-24-04482],[@B29-molecules-24-04482],[@B30-molecules-24-04482]\] or base moiety of RNA \[[@B31-molecules-24-04482],[@B32-molecules-24-04482],[@B33-molecules-24-04482],[@B34-molecules-24-04482],[@B35-molecules-24-04482],[@B36-molecules-24-04482]\]. The conjugation can be performed either during the oligonucleotide synthesis or through post-synthetic labeling of pre-functionalized sites of the oligonucleotide. If two or more spin centers are present, EPR-based pulsed dipolar spectroscopy (PDS) offers a means to measure the distance between these centers up to 16 nm \[[@B37-molecules-24-04482]\] and thereby gain structural and dynamics information. Out of the PDS methods, pulsed electron--electron double resonance (PELDOR or DEER, [Figure 1](#molecules-24-04482-f001){ref-type="fig"}) in combination with nitroxide spin labeling has been particularly successful in determining biomolecular structures in solutions to monitor their conformational changes and to access their internal dynamics \[[@B38-molecules-24-04482],[@B39-molecules-24-04482]\]. However, in order to apply SDSL/PELDOR within cells, the spin labels have to survive reduction in cell conditions. In this regard, the usually used *gem*-dimethyl nitroxides have the disadvantage of being reduced within minutes. In contrast, *gem*-diethyl nitroxide or nitroxides with sterically even more demanding groups in the *gem*-position reveal increased redox stability \[[@B27-molecules-24-04482],[@B40-molecules-24-04482],[@B41-molecules-24-04482],[@B42-molecules-24-04482],[@B43-molecules-24-04482],[@B44-molecules-24-04482],[@B45-molecules-24-04482],[@B46-molecules-24-04482]\]. Yet, protocols for spin-labeling DNA \[[@B47-molecules-24-04482]\] or RNA \[[@B27-molecules-24-04482]\] with *gem*-diethyl isoindoline nitroxides have been reported only rarely. Previously, we reported on the bioconjugation of the *gem*-dimethyl nitroxide **1^•^** ([Figure 1](#molecules-24-04482-f001){ref-type="fig"}b) to RNA using "click"-chemistry in solution \[[@B48-molecules-24-04482]\].

Here, this protocol was extended to the azide functionalized *gem*-diethylisoindoline spin label **2**^•^ and its stability under reducing conditions, its relaxation behavior and performance in PELDOR measurements were tested.

2. Results and Discussion {#sec2-molecules-24-04482}
=========================

Previously, we showed that the *gem*-dimethylisoindoline label **1**^•^ can be attached to RNA strands in solution employing the CuAAC "click"-reaction ([Figure 2](#molecules-24-04482-f002){ref-type="fig"}a) \[[@B48-molecules-24-04482]\]. Here, this protocol was extended to the *gem*-diethylisoindoline analogue **2**^•^ (see [Supplementary Materials](#app1-molecules-24-04482){ref-type="app"} for synthesis), using the same self-complementary RNA strand ([Figure 2](#molecules-24-04482-f002){ref-type="fig"}b) as for **1**^•^ \[[@B34-molecules-24-04482]\]. The reaction was carried out by first preparing the catalytic copper (I) solution and then incubating it with the alkyne-modified RNA and the spin label at 60 °C for 30 min. Subsequently, the labelled RNA was purified by means of HPLC. The yield of labelled RNA was 50% with respect to starting RNA. Incorporation of the label as well as the purity of the sample was confirmed by LC-MS ([Figure 3](#molecules-24-04482-f003){ref-type="fig"}a--c). The liquid state cw X-band EPR spectrum of **B~2~** is depicted in [Figure 3](#molecules-24-04482-f003){ref-type="fig"}d and shows the typical line-shape of immobilized nitroxides, very similar to the spectrum of **A~2~** \[[@B34-molecules-24-04482]\]. Spin counting revealed that all purified RNA strands were quantitatively labelled ([Table S1](#app1-molecules-24-04482){ref-type="app"}). The same protocol also works for DNA as shown in [Supplementary Materials Section S6.2](#app1-molecules-24-04482){ref-type="app"}.

Since every modification of RNA potentially may result in structural changes, the influence of the spin label on the duplex structure was evaluated using UV-Vis-based melting studies ([Figure 3](#molecules-24-04482-f003){ref-type="fig"}e) and Circular Dichroism (CD) spectroscopy ([Figure 3](#molecules-24-04482-f003){ref-type="fig"}f). For **B~2~**, a decrease in the melting temperature T~m~ of 5.5 °C per spin label was found which is in the usual range \[[@B31-molecules-24-04482]\] and similar to the decrease of 4 °C found previously for **A~2~ \[[@B34-molecules-24-04482]\]**. Also, the CD spectra showed only minor changes in the amplitudes confirming the prevalence of the standard A-form of the duplex. Thus, the influence of **2**^•^ on the RNA duplex structure was judged as being minor and relating only to local structural perturbations.

2.1. Two-Pulse Electron Spin Echo Envelope Modulation (ESEEM) Measurements {#sec2dot1-molecules-24-04482}
--------------------------------------------------------------------------

The phase memory time, *T*~M~, of the spin label attached to the biomolecule is interesting for PELDOR measurements, because it determines the length of the PELDOR time trace and, thus, the distance length as well as the accuracy that can be accessed. Therefore, two-pulse ESEEM time traces were recorded at the Q-band for both RNAs, **A~2~** and **B~2~**, in deuterated phosphate buffer (145 mM sodium chloride, 10 mM sodium phosphate, pH 7.0 in D~2~O, 20% d6-ethyleneglycol) ([Figure 4](#molecules-24-04482-f004){ref-type="fig"}a). The echo-decays were fitted according to a stretched, biexponential decay:$$Y\left( {2\tau} \right) = ~Y_{0} \times \exp{( - 2\tau/T_{M1})}^{x1} + \left( {1 - Y_{0}} \right) \times exp{( - 2\tau/T_{M2})}^{x2}$$

Here, Y (2τ) is the intensity of the echo as a function of the time between the two pulses τ. *Y*~0~ is the echo intensity extrapolated to time zero. *T*~M1~ and *T*~M2~ are the phase memory times, and *x*1 and *x*2 are the corresponding stretched parameters, respectively. This expression contains $2\tau$ in the exponent, since the relaxation process is effective during both periods of $\tau$ of the Hahn-echo sequence. A stretched bi-exponential decay was chosen according to the literature \[[@B49-molecules-24-04482]\] and because it yielded the best fit ([Figure S3](#app1-molecules-24-04482){ref-type="app"}). In the literature, the stretch parameters vary between *x* = 1, if the relaxation process is dominated by instantaneous spin diffusion, and *x* = 2 in the case of nuclei spin diffusion \[[@B50-molecules-24-04482]\]. Often, as here, the relaxation is a function of both. Fitting the time traces yielded the parameters in [Table 1](#molecules-24-04482-t001){ref-type="table"} and indicates very similar transversal relaxation behavior for **A~2~** and **B~2~**. In both cases, the *T~M~* relaxation was dominated by a component with a time constant $T_{M1}$ of \~21 µs and a stretched exponent $x1$ of \~2, while the minor component was much faster with $T_{M2}$ of \~1 µs and $x2$ of \~1. Interestingly, the time constant of the dominating component decreased significantly to $T_{M1}$ of \~13 µs upon adding 17% H~2~O, while the minor component did not change ([Figure 4](#molecules-24-04482-f004){ref-type="fig"}c). This indicates that T~M1~ was dominated by nuclear spin diffusion \[[@B50-molecules-24-04482]\]. That *T~M~* increased upon matrix deuteration was reported before \[[@B51-molecules-24-04482],[@B52-molecules-24-04482]\], but labeling proteins with *gem*-diethylisoindoline or other nitroxides did not yield such long *T~M~* times. To our knowledge, such long *T~M~* times were only obtained if not only the solvent but also the biomolecule itself was deuterated \[[@B37-molecules-24-04482],[@B53-molecules-24-04482],[@B54-molecules-24-04482]\]. For example, Ward et al. found similar *T~M~* values if the protein in the critical range of 7--25 Å from the spin center was deuterated \[[@B53-molecules-24-04482],[@B54-molecules-24-04482],[@B55-molecules-24-04482],[@B56-molecules-24-04482]\]. Here, the length of label **2**^•^ placed the spin center at a minimum distance of 7--10 Å to the backbone of the RNA ([Figure S7](#app1-molecules-24-04482){ref-type="app"}), and, in the case of oligonucleotides, many hydrogens are easily exchangeable by just diluting them in D~2~O which strongly increases the fraction of deuterium in the critical distance range. That this effect has not been reported previously for nitroxide-labeled oligonucleotides might be due to the particular length of the label and the thorough deuteration conditions used here.

In addition, the FFT-transformed ESEEM spectra showed a dipolar coupling frequency at 0.50 and 0.48 MHz for **A~2~** and **B~2~**, respectively ([Figure 4](#molecules-24-04482-f004){ref-type="fig"}b) which translate into distances of 4.7 and 4.8 nm, respectively. These distances are in good agreement with the PELDOR data (see below). The observation of dipolar coupling frequencies in two-pulse ESEEM spectra is rare but has been reported before by Ward et al. \[[@B53-molecules-24-04482],[@B54-molecules-24-04482]\] and Kulik et al. \[[@B57-molecules-24-04482]\].

2.2. PELDOR Measurements {#sec2dot2-molecules-24-04482}
------------------------

Previously, it was shown that spin label **1**^•^ gives rise to orientation selection in PELDOR experiments \[[@B34-molecules-24-04482]\] which is also seen here for **B~2~**, indicating the rigidity of the label at low temperatures \[[@B34-molecules-24-04482]\]. Therefore, the analysis of the PELDOR data was performed with the program PeldorFit \[[@B58-molecules-24-04482]\], taking orientation selectivity in account (see [Supplementary Materials Section S5](#app1-molecules-24-04482){ref-type="app"}). The best fit to the time traces as well as the error plots for the distance and angular parameters are shown in [Figure 5](#molecules-24-04482-f005){ref-type="fig"}. The best values for each fitting parameter are collected in [Table 2](#molecules-24-04482-t002){ref-type="table"} and compared to the data of **A~2~**. The geometric parameters for **A~2~** and **B~2~** are very similar and are best defined for the distance *r* and the angles *ξ* and *β* (for definition see [Figure S6](#app1-molecules-24-04482){ref-type="app"}). This indicates that, at least for duplex structures, the exchange methyl for ethyl in the *gem-*position does not induce more structural perturbations. This is also supported by the UV-Vis and CD study described above.

Based on the knowledge of the extended T~M~, it was also tested how long the PELDOR time window can be made while still achieving an acceptable signal-to-noise ratio within a measurement time of 24 h. [Figure 6](#molecules-24-04482-f006){ref-type="fig"}a shows that good data can be obtained up to 20 µs. Thus, distances up to 10 nm are achievable \[[@B56-molecules-24-04482]\].

Finally, the stability of **2^•^** was accessed in two reducing media and compared to the *gem*-dimethyl analogue MTSL ([Figure 6](#molecules-24-04482-f006){ref-type="fig"}b). Due to the solubility of **2^•^**, it was attached to a DNA strand (see [Supplementary Materials Section S6](#app1-molecules-24-04482){ref-type="app"}). It can be seen that MTSL decays rapidly within minutes in ascorbate, whereas **2^•^** is considerably more stable, prevailing for hours in the same medium. **2^•^** is also much more stable than **1^•^** in HeLa cell lysate, decaying only to 60% within 21 h.

3. Materials and Methods {#sec3-molecules-24-04482}
========================

3.1. General Procedures RNA {#sec3dot1-molecules-24-04482}
---------------------------

### 3.1.1. RNA Sequence {#sec3dot1dot1-molecules-24-04482}

The RNA with the sequence 5′ CAU CUG AUA UCA GAX G 3′ (X = U for non-modified RNA, X = 5-ethynyl-2′-dU for modified RNA) was purchased from metabion.

### 3.1.2. Spin Labeling {#sec3dot1dot2-molecules-24-04482}

First, 8 µL of a 250 mM solution of tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, Sigma--Aldrich) in dimethylsulfoxide (DMSO, Carl Roth) were mixed with 8 µL of a fresh 50 mM solution of copper-I-iodide (Carl Roth) in DMSO. Then, 20 µL of DMSO were added and the mixture was incubated for 5 min at room temperature. Meanwhile, 2.5 nmol of the dried oligonucleotide with a 5-ethynyl-modified uridine at the desired position in the sequence was resuspended in 4.4 µL diethylpyrocarbonate (DEPC, Carl Roth) treated water. Then, 3.6 µL of the catalytic solution and 2 µL of 100 mM spin label solution in DMSO were added to the RNA solution. The reaction mixture was mixed well and incubated for 30 min at 60 °C and 300 rpm (Thermomixer comfort, Eppendorf, Hamburg, Germany). The reaction was quenched via adding 480 µL Milli-Q water and desalted via an Amicon© ultra 3K column (Merck). Afterwards, the RNA was purified through reverse-phase high-performance liquid chromatography with an Agilent 1200 Series HPLC System (Agilent Technology, Santa Clara, CA, USA) in combination with a Zorbax 300SB-C18 (4.6 mm × 150 mm) column (Agilent Technologies, Santa Clara, CA, USA). As the eluent was a 0.1 M aqueous solution of triethylammonium acetate (VWR Applichem), an increasing percentage of acetonitrile (VWR Chemicals) (8% to 20% over 20 min) was used. The fractions were desalted with Amicon Ultra-0.5 mL Centrifugal Filters (3K Device, Merck). Then, the RNA was either stored in Milli-Q water or rebuffered by washing the filter three times with 500 µL deuterated phosphate buffer (see [Section 3.1.3](#sec3dot1dot3-molecules-24-04482){ref-type="sec"}.).

### 3.1.3. EPR Sample Preparation {#sec3dot1dot3-molecules-24-04482}

The RNA was annealed in phosphate buffer (145 mM sodium chloride (Carl Roth), 10 mM sodium phosphate (Acros Organics), pH 7.0) by heating to 70 °C for 1 min and then cooling to 5 °C with a rate of 1 °C/min. For the pulsed EPR measurements, the HPLC-purified RNA sample was rebuffered (see [Section 3.1.2](#sec3dot1dot2-molecules-24-04482){ref-type="sec"}.) in deuterated phosphate buffer (D~2~O, Deutero) to yield RNA concentrations of 35 µM. Before freezing in liquid nitrogen, 20% d6-ethylene glycol was added (Sigma--Aldrich).

3.2. Chromatography {#sec3dot2-molecules-24-04482}
-------------------

### 3.2.1. HPLC {#sec3dot2dot1-molecules-24-04482}

For the analysis of **2^•^**, Milli-Q water (Merck Millipore) was used with a gradient of 50% → 100% acetonitrile (Carl Roth) in 20 min on a Zorbax Eclipse XDB-C18 (4.6, 150 mm) column (Agilent Technologies, Santa Clara, CA, USA) with an Agilent 1200 Series HPLC System (Agilent Technology, Santa Clara, CA, USA).

### 3.2.2. LCMS {#sec3dot2dot2-molecules-24-04482}

For the analysis of the oligonucleotide, 10 mM trimethylamine (Fisher)/100 mM hexafluoroisoproanol (Fluka) was used with a gradient of 3% → 20% acetonitrile (VWR Chemicals) on a Zorbax Narrow Bore SB C18 (2.1 mm × 50 mm, 5 µm) column (Agilent Technology) in combination with an Agilent 1100 Series HPLC System (Agilent Technology, Santa Clara, CA, USA) and HTC esquire (Bruker Daltonik, Bremen, Germany).

3.3. Spectroscopy {#sec3dot3-molecules-24-04482}
-----------------

### 3.3.1. IR {#sec3dot3dot1-molecules-24-04482}

The IR measurements were obtained from a Nicolet 5700 (Thermo Fisher, Waltham, MA, USA) FTIR spectrometer using a thin film of 150 µm of a 111 nM solution of **2^•^** in chloroform.

### 3.3.2. CD {#sec3dot3dot2-molecules-24-04482}

The CD spectra were recorded on a Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan) at room temperature with a scanning speed of 100 nm/min. To obtain a spectral range of 200--320 nm, a data pitch of 0.1 nm was adjusted. Ten scans were accumulated. The measurement was performed on 10 μM RNA samples.

### 3.3.3. UV {#sec3dot3dot3-molecules-24-04482}

The UV melting curves were recorded on a Cary 100 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at a wavelength of 260 nm. The temperature of the sample was increased with a heating rate of 1 °C/min from 20 °C to 80 °C. The measurements were performed on 1 µM samples.

3.4. EPR {#sec3dot4-molecules-24-04482}
--------

### 3.4.1. cw EPR {#sec3dot4dot1-molecules-24-04482}

The room temperature cw EPR spectrum of the 35 µM **A~2~** and **B~2~** were recorded at X-band frequencies on a Bruker EMXnano spectrometer (Bruker BioSpin, Rheinstetten, Germany) with a microwave power of 10 mW, a modulation frequency of 100 kHz, a modulation amplitude of 1.0 G, a microwave frequency of 9.641 GHz, and 1300 points in the field interval 337.9--350.9 mT.

### 3.4.2. Pulsed EPR {#sec3dot4dot2-molecules-24-04482}

The pulsed EPR measurements were conducted at Q-band frequencies on a Bruker ELEXSYS 580 EPR spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with an ER 5106QT-II resonator and a 150 W TWT-amplifier (Applied System Engineering, Fort Worth, TX, USA). The temperature was adjusted to the appropriate value using a CF935 helium gas-flow cryostat (Oxford Instruments, Abingdon, UK) in conjugation with an Oxford Instruments ITC 502 temperature controller.

The ESEEM spectra were recorded using a standard two-pulse Hahn echo sequence with pulse lengths of 12 ns and 24 ns for the π and π/2 pulses, respectively, an initial τ of 200 ns, and with increments of τ of 8 ns.

The PELDOR experiments were performed at Q-band with the standard four-pulse sequence. The frequency of the pumping pulse was set at the maximum intensity of the nitroxide signal. The offset between pump and detection frequencies was varied as depicted in [Figure S5](#app1-molecules-24-04482){ref-type="app"} and [Table S3](#app1-molecules-24-04482){ref-type="app"}. π/2 and π pulses lengths of 12 ns and 24 ns were used. For the π/2 pulse, a two-step phase cycle was executed. The pump pulse length was set to 12 ns. The initial τ was set to 260 ns (d1). Deuterium modulation was suppressed by addition of 8 time traces with an increment of 16 ns for τ. The detection window with a width of 40 ns was set to the maximum of the echo. The PELDOR signal was recorded with a shot repetition time of 3 ms. To achieve an acceptable SNR, the signal was averaged for 4 to 24 h, depending on the position of the detection pulses.

3.5. Stability Measurements {#sec3dot5-molecules-24-04482}
---------------------------

### 3.5.1. Sample Preparation for Measurements with Ascorbic Acid {#sec3dot5dot1-molecules-24-04482}

A 5 mM solution of L-ascorbic acid (Sigma--Aldrich) was prepared in PBS solution. Next, 1 µL spin label stock solution (4 mM) was mixed with 19 µL [l]{.smallcaps}-ascorbic acid solution at the time t~0~. The sample solution (200 µM spin label, 4.75 mM [l]{.smallcaps}-ascorbate) was drawn into a 10 µL capillary and sealed on both ends with Korasilon-Paste (Kurt Obermeier GmbH & Co., KG). The capillary was inserted into a capped Q-band tube.

### 3.5.2. HeLa Cell Lysis Preparation {#sec3dot5dot2-molecules-24-04482}

The HeLa cell pellet (2.13 × 10^8^ HeLa S3 cells, *ATCC\# CCL-2.2*) was thawed on ice and resuspended in 2.13 mL PBS solution. The suspension was frozen in a dry ice/ethanol bath (−72 °C) for 5 min and then thawed in a warm water bath (37 °C) for 5 min. This cycle of freezing and thawing was repeated twice for a total of three circulations. Next, the suspension was rigorously mixed by vortexen and centrifuged at 15,000 rotations per minute (4 °C). The supernatant was collected and separated into aliquots with a volume of 19 µL each. The aliquots were shock frozen in liquid nitrogen and stored at −80 °C.

### 3.5.3. Sample Preparation for Measurements in HeLa Lysate {#sec3dot5dot3-molecules-24-04482}

One aliquot of HeLa lysate was thawed on ice. Next, 1 µL spin label stock solution (4 mM) was mixed with 19 µL lysate at the time t~0~. The sample solution (200 µM spin label) was drawn into a 10 µL capillary and sealed on both ends with Korasilon-Paste (Kurt Obermeier GmbH & Co., KG). The capillary was inserted into a capped Q-band tube.

### 3.5.4. EPR Stability Measurements {#sec3dot5dot4-molecules-24-04482}

All EPR spectra were measured in the EMX microX (Bruker BioSpin, Rheinstetten, Germany) using a SHQ resonator. The apparatus was controlled with the Bruker software Xenon. Before each measurement, the spectrometer was allowed to heat up for at least one hour to assure optimal magnetic field stability.

The SHQ resonator was tuned to the sample and the Q-value was taken at a 33 dB attenuation. The measurement was started at the time t~start~. The dead time was calculated as the difference between t0 and tstart. All samples were measured in a field-delay experiment for 21 h with one measurement slice every five minutes at a power attenuation of 15 dB and 30 points/G resolution. The experiments were done at room temperature with a modulation amplitude of 1 G. The tuning parameters---lock offset, diode current, microwave frequency, and receiver level---were observed using a home written shell program.

### 3.5.5. Data Analysis {#sec3dot5dot5-molecules-24-04482}

The raw spectrum was displayed in the Bruker software Xenon (Bruker BioSpin, Rheinstetten, Germany) and baseline corrected using a ninth order polynomial. The double integrals were calculated with the same software. The data were analyzed using a home written MATLAB script.

4. Conclusions {#sec4-molecules-24-04482}
==============

Spin label **2**^•^ was easily conjugated to a 16 nucleotide long self-complementary RNA strand through "click"-chemistry. The influence of the label on the duplex structure was analyzed with CD spectroscopy and thermal denaturation experiments and judged as being local and comparable to the previously published data on the *gem*-dimethyl analogue **1**^•^. This is also supported by the analysis of the PELDOR data, showing that both labels adopted very similar conformations on the duplex. Thus, the larger *gem*-diethyl substituents did not influence the alignment of spin label **2**^•^ in the RNA structure. Interestingly, the RNA duplex with spin labels **1**^•^ or **2**^•^ revealed a prolonged *T~M~* relaxation time that was not reported for similar isoindoline spin-labeled proteins \[[@B46-molecules-24-04482]\], making longer distance measurements up to 10 nm feasible. Finally, spin label **2**^•^ had a considerably improved reduction stability against ascorbate and HeLa cell lysate as compared to MTSL. Therefore, **2**^•^ appears to be a promising candidate for long-range distance measurements on oligonucleotides within cells.

**Sample Availability:** Samples of the compounds are not available from the authors.

The Supplementary Materials are available online. It contains additional figures, spectra and details of the experiments and methods \[[@B47-molecules-24-04482],[@B58-molecules-24-04482],[@B59-molecules-24-04482],[@B60-molecules-24-04482],[@B61-molecules-24-04482],[@B62-molecules-24-04482],[@B63-molecules-24-04482],[@B64-molecules-24-04482],[@B65-molecules-24-04482]\].
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![(**a**) Scheme of the pulsed electron--electron double resonance (PELDOR) pulse sequence and (**b**) Lewis structures of spin labels **1**^•^ and **2**^•^.](molecules-24-04482-g001){#molecules-24-04482-f001}

![(**a**) Spin labeling reaction based on the "click"-reaction. THPTA = Tris(3-hydroxypropyltriazolyl-methyl)amine; DMSO = dimethylsulfoxide. (**b**) Sequence of the single-stranded RNA and the annealed duplex. The letter **U** marked in bold corresponds to the labeling positions. In the following, the RNA single strand labeled with **1**^•^ is called **A** while the one labeled with **2**^•^ is called **B**. The spin labeled single-stranded RNAs **A** and **B** were annealed to obtain duplexes **A~2~** and **B~2~**, respectively.](molecules-24-04482-g002){#molecules-24-04482-f002}

![(**a**) LCMS-UV Chromatogram at 260 nm and (**b**) deconvoluted mass of **B** (calculated mass 5361.03, found mass 5361.59). (**c**) Overlay of the HPLC runs of the unmodified (black line) and labeled RNAs **A** (red line) and **B** (blue line). (**d**) Experimental cw EPR spectra of 35 µM **A~2~** (red line) and 35 µM **B~2~** (blue line). (**e**) Thermal denaturation curves of the unmodified (black line, T~m~ = 66 °C) and labeled RNAs **A~2~** (red line, T~m~ = 58 °C) and **B~2~** (blue line, T~m~ = 55 °C). (**f**) Circular Dichroism (CD) spectra of the unmodified (black line) and labeled RNAs **A~2~** (red line) and **B~2~** (blue line).](molecules-24-04482-g003){#molecules-24-04482-f003}

![(**a**) Two-pulse Electron Spin Echo Envelope Modulation (ESEEM) decay curves of **A~2~** (red line) and **B~2~** (blue line) in deuterated buffer at 50 K. (**b**) Frequency domain spectrum of the time traces in (**a**) for **A~2~** (red line) and **B~2~** (blue line). The inset is a zoom-in for the frequency range 0--1 MHz. (**c**) Two-pulse ESEEM echo decay curves of **B~2~** in pure deuterated buffer (blue line) and in deuterated buffer with 17% additional water (green line) both at 50 K.](molecules-24-04482-g004){#molecules-24-04482-f004}

![(**a**) Q-Band PELDOR time traces of **A~2~** acquired at different offsets (black lines) are overlaid with their PeldorFit simulations (grey lines). (**b**) RMSD between experimental and simulated PELDOR time traces as a function of the geometric parameter of PeldorFit for **A~2~**. (**c**) Q-Band PELDOR time traces of **B~2~** acquired at different offsets (black lines) are overlaid with their PeldorFit simulations (grey lines). (**d**) RMSD between experimental and simulated PELDOR time traces as a function of the geometric parameter of PeldorFit for **B~2~**.](molecules-24-04482-g005){#molecules-24-04482-f005}

![(**a**) Original PELDOR time trace of **B~2~** with an 80 MHz offsets in deuterated buffer at 50 K. (**b**) Lifetime of **2**^•^ attached to DNA and of MTSL in the presence of 4.75 mM ascorbate or in HeLa cell lysate (for more details see [Supplementary Materials](#app1-molecules-24-04482){ref-type="app"}).](molecules-24-04482-g006){#molecules-24-04482-f006}

molecules-24-04482-t001_Table 1

###### 

Spin echo decay data of **A~2~** and **B~2~** extracted from Q-Band two-pulse ESEEM.

  Parameter     A~2~   B~2~          
  ------------- ------ ------ ------ ------
  $Y_{0}$       0.56   0.57   0.47   0.42
  $T_{M1}$/µs   20.7   13.4   21.1   13.7
  $x1$          1.9    1.8    2.0    2.2
  $T_{M2}$/µs   1.0    1.0    1.0    1.0
  $x2$          0.8    0.8    0.8    0.8

molecules-24-04482-t002_Table 2

###### 

Geometric parameters of the PeldorFit analysis for **A~2~** and **B~2~**.

  Parameter   A~2~   B~2~                                                
  ----------- ------ ------ ---------------- ------------- ------------- -------------
  *r*         Δr     (nm)   4.74 (0.06) \*   0.22 (0.07)   4.80 (0.06)   0.22 (0.08)
  ξ           Δξ     (°)    37/143 (10)      7 (10)        44/136 (10)   4 (15)
  β           Δβ     (°)    56/124 (5)       25 (15)       34/146 (5)    10 (15)

\* The value in round brackets is the error of this parameter. The error is the parameter range in which 110% of the minimal RMSD is reached.
